Abstract: This study focused on the effect of various experimental parameters like adsorption kinetics, effects of pH, temperature, initial Cu(II), biosorbent dose and agitator speed on biosorption of Cu (II) from aqueous solution onto Catla catla fish scales. Analysis of Fourier-transform infrared (FTIR) spectrum, scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX) spectroscopy suggested that both organic functional groups and inorganic constituent take part in the Cu (II) uptake process. Both the linear and nonlinear forms of the Langmuir and Freundlich adsorption isotherm models (at low concentration) predicted the equilibrium adsorption isotherm data fairly well. The maximum Cu (II) adsorption capacity of fish scale was determined to be 79.35 mg/g at 40°C and pH 5.5 by nonlinear regression. A mathematical model developed assuming the adsorption process to be diffusion controlled gave satisfactory fit to the experimental batch kinetic data.
Introduction
The presence of toxic heavy metals in environment arising from the discharge of untreated metal containing effluent is a burning issue as their presence in ecosystem causes harmful effect to living organisms and human health (Rocha et al., 2009; Aksu and Íşoģlu, 2005) . Copper ion is present in the waste water discharged from several industries such as metal cleaning, plating bath, refineries, paper and pulp, fertilisers, wood preservatives (Iftikhar et al., 2009) , etc. Ingestion of Cu (II) causes serious problems to human health such as stomach intestinal distress, kidney damage, anaemia and even coma and eventual death (Rahman and Islam, 2009) . The maximum recommended concentration of Cu (II) for drinking water by EPA is 1.0 mg/L (ATSDR, 1999) .
In recent years, considerable attention has been focused on removal of heavy metals by use of natural adsorbents as an alternative to the conventional ones. From both the environmental and the economical points of view, this technique has significant advantages including high efficiency in removing very low levels of heavy metals from dilute solutions, easy handling, high selectivity, lower operating cost, minimum production of chemical or biological sludge and regeneration of adsorbent. Some of the biosorbents used for removal of Cu (II) are rice husk (Wong et al., 2003) coffee husk (Oliveira et al., 2008) , crab shell (Cochrane et al., 2006) , fern (Ho et al., 2002) , BGB , sunflower (Sun and Shi, 1998) , chemically modified rice husk (Jaman et al., 2009) , protonated rubber leaf powder (Hanafiah and Ngah, 2009) , walnut, hazelnut and almond-shells (Altun and Pehlivan, 2007) , cotton boll (Ozsoy and Kumbur, 2006) , Pinus sylvestris L. (Ucun et al., 2009) , sour orange residue (Khormaei et al., 2007) .
Several investigators have also studied the efficacy of fish scales for removal of metal ions. Villanueva-Espinosa et al. (2001) studied the adsorption of copper, lead and cobalt onto scales of Mojarra tilapia fish. Nadeem et al. (2008) and Rahaman et al. (2008) investigated removal of lead and arsenic by scales of Labeo rohita and Atlantic cod respectively. Scales of Catla catla fish has been used by Srividya and Mohanty (2009) for Cr (VI) removal at low pH.
Mathematical modelling is another important aspect of this process. Villanueva-Espinosa et al. (2001) found that the power law model can be used to predict the uptake rate for the various metal ions. The pseudo second order kinetic model gave good fit to the biosorption system studied by Nadeem et al. (2008) and Srividya and Mohanty (2009) .
Previous studies have shown that the rate of removal of metal ions by biosorption is influenced by pH, temperature, agitator speed, metal and biomass concentrations. However there is no detailed study in the literature on the effect of various physiochemical parameters on copper adsorption by fish scale.
The objective of this work is to study the effect of the above mentioned parameters on equilibrium uptake and removal rate of copper ion from aqueous solution using Catla catla fish scales. The biosorbent was characterised using scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) and FTIR spectroscopy. A mathematical model was proposed for describing the copper uptake and determining the rate controlling step for this system.
Materials and method

Preparation of fish scale
Fish scales of Catla catla were collected from local fish market. The scales were rinsed with deionised water and dried in a laboratory oven. Dried fish scales were cut into 0.5 cm × 0.5 cm pieces and thermally treated in water bath at 60°C for 10 minutes for removal of slime layer or other types of contamination from the surface of the scales that may hinder metal adsorption. Scales were then washed repeatedly with deionised distil water, dried overnight in a laboratory oven at 50°C. The dried scales were stored in a refrigerator for the prevention of microbial contamination (Villanueva-Espinosa et al., 2001) .
Preparation of metal ions
Metal solutions were prepared by diluting 1,000 mg/L of Cu(SO) 4 ·5H 2 O (Merck) solutions with deionised water to desire concentrations range between 50 and 600 mg/L.
Characteristics of biosorbent
The morphology of the fish scales surface and cross section structure before and after Cu (II) biosorption were characterised using scanning electron microscope (SEM). The SEM images of the biosorbent were taken using JEOL JSM-6700F. Beam energy was 5.0 kV in order to obtain the excitation of the sample. EDX was used for chemical characterisation of the sample.
FTIR spectroscopy (IRAffinity-1, SHIMADZU-A213748) of the native as well as Cu (II) loaded fish scales were studied in the range of 500-4,000 cm -1 . Translucent sample disk were prepared by encapsulating with KBr.
Biosorption procedure
Equilibrium adsorption studies were carried out by contacting the phases in 250 mL Erlenmeyer flasks in a temperature controlled shaker for 24 h at 150 rpm. For each isotherm, a series of flasks were prepared with known volume (100 mL) of standardised metal salt solutions from 50-600 mg/L. To each flask 10 g/L of the dried biomass were added. The biomass was removed by centrifugation and the supernatant was analysed.
A 1.0 L vessel fitted with a mechanical agitator immersed in a temperature controlled bath was used to study adsorption kinetics. Sample of solutions were withdrawn at regular time intervals. The amount of metal uptake by the biosorbent at equilibrium (q e ), was calculated using the following equation.
where C o and C e represents the feed concentration and equilibrium concentration of Cu (II) ion in solution respectively, V is the volume of metal solution and M is the mass of biosorbent.
Sample measurement
The samples were prepared by adding 0.2 mL sodium diethyle dithiocarbamate (1% w/v), 20 mL 1.5(N) ammonia solution; 1 mL sample and volume make up to 25 mL (Aksu and Kutsal, 1998) . Cu (II) concentrations were then analysed by spectrophotometer at 460 nm (Perkin Elmyer 25).
Mass transfer modelling
The overall transport of ions may be roughly divided into:
1 diffusion from the bulk solution to the external surface of the biosorbent 2 diffusion of adsorbates into the interior of the adsorbent particles.
Adsorption of solute in the interior site was assumed to be rapid with respect to the two steps. Assuming the fish scales as finite slabs and intrapellet mass transfer occurs through diffusion of adsorbed species, the mass conservation inside the particle can be describe by following equation (Tien, 1994) .
where q p is the adsorbate concentration in the adsorbed phase at an axial distance x from the centre of the slab and time t, and D s is the surface diffusivity. Mass transfer occurring from the edges of the scale is considered negligible. The initial (IC) and boundary conditions (BC) are
The terms L, ρ p , k e represents half the thickness of the slab, particle density and external phase mass transfer coefficient respectively. The change in adsorbate concentration (C t ) with respect to time in the solution of volume V is related to the fluid-particle mass transfer coefficient by the equation
where S e is the external surface area and C o is the initial Cu (II) concentration in the solution.
The partial differential equation given by equation (2) can be reduced to a set of ordinary differential equations in time using finite difference technique. These along with equation (6) can be solved numerically to obtain the time variant concentration of the adsorbate in the solution.
Results and discussion
Biosorbent characteristics
The SEM images of fish scale surface and cross section after metal adsorption are presented in Figures 1(a) and 1(b) respectively. It is clear from the micrographs that the interior is composed of fibrous protein. Pati et al. (2010) reported that the fibrous protein of Catla catla fish scales are composed mainly of collagen. EDX analysis (Figure 2 ) suggests the presence of calcium (Ca), phosphorus (P) and oxygen (O) indicates the presence of apatite composite (Pati et al., 2010) which is the constituent of the upper layer. At high resolution of 30,000 magnifications, the microporus nature of the biosorbent was noted. SEM images (surface and cross section) were shiny after metal adsorption indicating that both the inorganic and organic portion participated in adsorption with the metal ion diffusing into the interior through micro pores. Additional copper signal after adsorption shown in Figure 2 confirms the binding of copper ion to the fish scale surface. It was seen from elemental analysis from EDX spectroscopy that while the atomic percent of Cu increased by 1.42 atomic %, there was corresponding decrease in magnesium and calcium atomic %. Magnesium was no longer present in the loaded copper sample. This verifies the ion exchange mechanism ions as mentioned by Villanueva-Espinosa et al. (2001) . Figure 3 shows FTIR spectra of the biomass before and after loading of metal ions. It is clear from FTIR spectroscopy that many functional groups are present on the biomass surface. Band shifting around the broad peak 3,411.3 cm -1 shows possible involvement of phenolic and/or amine groups. The peak at 2,922.4 cm -1 and 2,851.4 cm -1 is due to C-H stretching vibrations of CH, CH 2 and CH 3 groups of aliphatic acids. Elimination after Cu (II) absorption indicates that these functional groups strongly took part in adsorption. A strong band at 1,410.0 cm -1 confirms the presence of -COOH group and involvement in copper adsorption. Several peaks observed between 1,035.9 cm -1 to 871.5 cm -1 are due to phosphate and p-O-C stretching vibration. These peaks become sharp because of phosphate group involvement. There were also change in the region between 711.2 cm -1 and 406.1 cm -1 after biosorption because of involvement of C-H bending vibration present as a substitute of aromatic hydrocarbon. From these spectra it appears that carboxyl, phosphate and hydrocarbon groups are involved in Cu (II) binding to the fish scale. Figure 4 shows the variation of the adsorbed copper on fish scale at different pH. These experiments were carried out with initial Cu (II) concentration of 50 mg L −1 (W = 5 g). A sharp increase in q e from 0.82 mg/g to 4.75 mg/g resulted in increasing the initial solution pH from 2.0-5.5. The equilibrium pH of the solution was also increased. The increase in pH of the solution was due to the protonation of nucleuphilic sites such as amine and carboxyl groups and exchange with calcium ion present in form of hydroxyapitite through ion exchange mechanism. Decrease in Cu (II) absorption at lower pH could be from the competition between the excess hydronium (H 3 O + ) ions and the positively charged metal ions for the biosorption sites and the electrostatic repulsion of positively charged sorbent surface (Ozdes et al., 2009) . No experiment was done above pH 6.0 because precipitation of Cu (II) ion in the form of copper hydroxide. Hence the pH 5.5 was optimised for future experiment. 
Effect of pH
Effect of temperature on equilibrium adsorption isotherms
The sorption isotherms were studied in the range of 30°C to 50°C at pH 5.5. Three isotherm equations were tested for modelling the equilibrium data, namely, Langmuir, Freundlich and Temkin. The linear and nonlinear forms of the isotherm are listed in Table 1 . The linear regression methods generally employed determining the isotherm constants have been noted to be associated with problems in their error structure (Parimal et al., 2010) . The model parameters obtained in this study by linear and nonlinear correlation analysis of these three isotherms are listed in Table 2 . The values of the parameters using nonlinear method were obtained using the solver add-in with Microsoft's spreadsheet, Microsoft Excel. It is seen from Table 2 that the regression coefficients (both linear and nonlinear) of Langmuir and Freundlich isotherms (at initial metal ion concentration, 50-400 mg/L) provides accurate fit to the experimental data, while the Temkin model shows the lowest values of regression coefficient (less than 0.98). On the other hand, there were differences between the model parameter values estimated by the linear and nonlinear methods. This could be accounted by differences in efficiency of an iterative procedure employed in the nonlinear method and restrictions of the linear regression. The comparison of Langmuir, Freundlich and Temkin isotherms with equilibrium experimental data at 40°C across the concentration range is illustrated in Figure 5 . Table 2 Linear and nonlinear adsorption isotherm parameters for Cu (II) adsorption onto fish scale 
Figure 5
Comparison of experimental and isotherm data using nonlinear method at 40°C and pH -5.5 The results obtained with the Langmuir isotherm showed that q max and b increased with temperature. This indicates that the adsorption capacity and the affinity between the active sites and the metallic ions increase at higher temperature. Freundlich isotherm parameter n > 1 indicates that adsorbate is favourably adsorbed on an adsorbent. Maximum adsorption capacity of Cu (II) ion onto other biosorbents is listed in Table 3 . The value of maximum absorption capacity (79.35 mg/g) obtained from this study shows that fish scale compares favourably to other biosorbents.
Kinetic studies
The effect of various parameters on the Cu (II) adsorption rate is given in Figures 6 to 8 . These experiments were carried out at 40°C and pH 5.5. The Cu (II) concentration in the solution decrease at a rapid rate at the beginning of the experimental run for all the operating conditions.
The effect of agitator speed on Cu (II) adsorption is presented in Figure 6 . As agitator speed increase, the thickness of the boundary layer surrounding the biomass decrease and also the external phase mass transfer resistance. This results in increase uptake rate by fish scale as noted in the Figure 6 . Comparison of the experimental profiles at different agitator speed shows that external phase mass transfer resistance influences the sorption rate throughout the experimental study.
The effect of initial Cu (II) concentration in the solution and the biosorbent amount used is illustrated in Figures 7 and 8 respectively. These experiments were carried out at agitator speed of 1,500 rpm. At any given time, fractional removal is seen to be higher as the ratio of initial number of metal ions to the available sorption sites increase. Increase of biomass amount also lowers the external phase mass transfer resistance by increasing the interfacial area. These factors contribute to higher uptake rates observed with 12.5 g biosorbent compared to 2.5 g. 
Conclusions
In this study batch experimental data for the removal of Cu (II) ions by scales of Catla catla fish were analysed in terms of adsorption mechanism, equilibrium and rate control mechanism. SEM image showed that fibrous protein constitute the inner portion of the fish scale. From the FTIR spectra and EDX analysis it appears that aliphatic acid, carboxyl, phosphate and hydrocarbon groups as well as calcium and magnesium were involved in Cu binding to the fish scale. Equilibrium uptakes increase with solution pH and temperature. The correlation coefficient obtain from fitting of Langmuir, Freundlich and Tempkin isotherm models to the equilibrium adsorption isotherm data using linear and nonlinear methods were not significantly different. Mathematical analysis of the batch kinetic data suggested that the mass transfer rate was diffusion controlled. 
M
Mass of biosorbent in grams (g).
1/n Parameter for surface heterogeneity.
q e Uptake capacity (mg/g).
q max Maximum uptake capacity (mg/g). t Time.
V
Volume of solution (L).
